In addition to its role as an essential neurotransmitter, dopamine serves important physiologic functions in organs such as the kidney. Although the kidney synthesizes dopamine through the actions of aromatic amino acid decarboxylase (AADC) in the proximal tubule, previous studies have not discriminated between the roles of extrarenal and intrarenal dopamine in the overall regulation of renal function. To address this issue, we generated mice with selective deletion of AADC in the kidney proximal tubules (referred to herein as ptAadc -/-mice), which led to selective decreases in kidney and urinary dopamine. The ptAadc -/-mice exhibited increased expression of nephron sodium transporters, decreased natriuresis and diuresis in response to l-dihydroxyphenylalanine, and decreased medullary COX-2 expression and urinary prostaglandin E 2 excretion and developed salt-sensitive hypertension. They had increased renin expression and altered renal Ang II receptor (AT) expression, with increased AT1b and decreased AT2 and Mas expression, associated with increased renal injury in response to Ang II. They also exhibited a substantially shorter life span compared with that of wild-type mice. These results demonstrate the importance of the intrarenal dopaminergic system in salt and water homeostasis and blood pressure control. Decreasing intrarenal dopamine subjects the kidney to unbuffered responses to Ang II and results in the development of hypertension and a dramatic decrease in longevity.
Introduction
Although dopamine is an essential neurotransmitter, extraneural dopamine also serves important physiologic functions. Both D1-like (D1 and D5) and D2-like (D2, D3, and D4) dopamine receptors are expressed in the mammalian kidney (1) , and exogenous administration of dopamine is known to modulate solute and water transport in the mammalian kidney, mediated, at least in part, by inhibition of specific tubule transporter activity along the nephron (2, 3) .
The kidney possesses an intrarenal dopaminergic system that is distinct from any neural dopaminergic input. Circulating concentrations of dopamine are normally in the picomolar range, while dopamine levels in the kidney can reach high nanomolar concentrations (4) . The dopamine precursor l-dihydroxyphenylalanine (l-DOPA) is taken up by the proximal tubule via multiple amino acid transporters, including rBat, LAT2, and ASCT2 (5, 6) , from the circulation or after filtration at the glomerulus and is then converted to dopamine by aromatic amino acid decarboxylase (AADC), which is also localized to the proximal tubule (7) . There is evidence that intrarenal dopamine production is modulated by alterations in dietary salt intake (8, 9) . Although abnormalities in dopamine production and receptor function have been associated with essential hypertension in humans and in several forms of rodent genetic hypertension (1, (10) (11) (12) , previous studies have not been able to discriminate between intrarenally versus extrarenally produced dopamine in the mediation of kidney function. In the current study, we developed a mouse model with defective intrarenal dopamine production in order to test the hypothesis that the intrarenal dopaminergic system plays a significant role in regulation of renal function, blood pressure, and longevity.
Results
Since AADC, the enzyme responsible for intrarenal dopamine production, is localized to renal proximal tubules, we generated mice with selective proximal tubule AADC deletion (ptAadc -/-) by crossing Aadc flox7/flox7 mice with γ-GT Cre mice (ref. 13 and Supplemental Figures 1 and 2 ; supplemental material available online with this article; doi:10.1172/JCI57324DS1). As expected, in wild-type mice, AADC expression was largely confined to the renal cortex and was predominantly in proximal tubules, while in ptAadc -/-mice, minimal AADC immunoreactivity was detectable in the renal cortex, although AADC expression in small intestine and in neurons was not different from that of wild-type mice ( Figure 1, A and B ). There were also no differences in brain and plasma dopamine levels between wild-type and ptAadc -/-mice (Supplemental Figure 3) , while both kidney and urinary dopamine levels were significantly lower in ptAadc -/-mice (Figure 1C) . The dopamine detected in kidneys and urine in the ptAadc -/-mice may be the result of circulating dopamine as well as residual AADC activity, since Cre-mediated approaches usually result in low residual levels of undeleted genes. Administration of the dopamine precursor, l-DOPA, increased kidney and urinary dopamine levels to a much greater extent in wild-type mice than in ptAadc -/-mice ( Figure 1D ).
At 4 weeks of age, ptAadc -/-mice had significantly increased renal mRNA expression of transporters involved in salt reabsorption in multiple nephron segments, including proximal tubule (sodium hydrogen exchanger type 3 [NHE3], sodium-bicarbonate cotransporter [NBC]), solute carrier family 12, member 1 (Nkcc2), and solute carrier family 12, member 3 (NCC) as well as increased mRNA levels of aquaporin 2 (Aqp2), which mediates regulated water reabsorption in collecting duct (Figure 2 ). Although l-DOPA significantly increased natriuresis and diuresis in wild-type mice, its effects were markedly attenuated in ptAadc -/-mice ( Figure 3 ).
Our previous studies indicated that dopamine modulates expression of macula densa COX-2 (14) . In adult wild-type mice fed normal mouse chow, macula densa immunoreactive COX-2 expression was only faintly detectable (15) , while macula densa COX-2 immunoreactivity was abundant in ptAadc -/-mice ( Figure  4A ). Similar to COX-2 expression, renin expression in the juxtaglomerular (jg) cells increases in response to exposure to a low-salt diet and decreases in response to exposure to a high-salt diet, and macula densa COX-2 is a mediator of this regulated renin expression (16) . ptAadc -/-mice had increased jg renin expression compared with that of wild-type mice ( Figure 4, A and B) . These studies indicate that intrarenal dopamine is an important regulator of renal renin expression.
Although jg renin expression increased markedly, both plasma renin activity (PRA) and aldosterone levels were significantly decreased in ptAadc -/-mice on a normal-salt diet ( Figure 5 , A and B). The increased renin expression was further indicated by the response to acute administration of hydralazine to stimulate renin release. PRA increased more than 15 fold in ptAadc -/-mice, while only increasing 3 fold in wild-type mice, consistent with the increased intrarenal renin content ( Figure 5B ).
The lower PRA and plasma aldosterone levels in ptAadc -/-mice suggested relative volume expansion. In addition to localized expression in the macula densa, COX-2 is also highly expressed in mammalian kidney in the interstitial cells of the medulla, and previous studies have indicated an important ×25 (first row); ×100 (second row); ×63 (third row); ×250 (fourth row). (C) Kidney dopamine levels and urinary dopamine excretion were significantly decreased in ptAadc -/-mice (*P < 0.01; n = 5 in each group). (D) Kidney dopamine levels and urinary dopamine excretion in response to l-DOPA were significantly attenuated in ptAadc -/-mice (*P < 0.01 vs. basal wild type, † P < 0.01 vs. basal ptAadc -/-, ‡ P < 0.01 vs. l-DOPA wild type; n = 4 in each group).
role for medullary COX-2-derived prostaglandins to mediate natriuresis and diuresis (17) . Basal medullary COX-2 expression was lower in ptAadc -/-mice than in wild-type mice ( Figure 6A ), and while l-DOPA administration markedly increased medullary COX-2 expression in wild-type mice, it produced minimal increases in ptAadc -/-mice. Similarly, baseline urinary prostaglandin E 2 (PGE 2 ) excretion was substantially higher in wildtype mice than in ptAadc -/-mice, and l-DOPA administration led to a further significant increase in wild-type mice but not in ptAadc -/-mice ( Figure 6B ). In wild-type mice, medullary COX-2 expression increased with a high-salt diet and decreased with a low-salt diet, but this modulation was markedly attenuated in ptAadc -/-mice ( Figure 6C ).
By 3 months of age, blood pressure was significantly elevated in ptAadc -/-mice compared with that in wild-type mice (mean arterial blood pressure [MAP], 124 ± 3 mmHg vs. 105± 3 mmHg, respectively; n = 6; P < 0.01) ( Figure 7A ). Blood pressure measurements by radiotelemetry in a subset of mice (n = 4) confirmed this elevated blood pressure ( Figure 7 , B and C). A high-salt diet (8% high-salt diet) for 4 weeks did not increase blood pressure in wild-type mice but led to further increases in ptAadc -/-mice (MAP, 140 ± 2 mmHg vs. 106 ± 2 mmHg, respectively; n = 6; P < 0.01). In contrast, when placed on a low-salt diet, there were no differences in blood pressure between wild-type and ptAadc -/-mice ( Figure 7A ). Urinary excretion of F 2 -isoprostane, a marker of oxidative stress (18) , was significantly higher in ptAadc -/-mice in response to salt loading (1.41 ± 0.44 ng/24 hour for ptAadc -/-mice vs. 0.77 ± 0.21 ng/24 hour for wild-type mice, n = 6; P < 0.05) ( Figure 7D ), reflective of increased oxidative stress in high-salt diet-fed ptAadc -/-mice.
Previous studies have indicated that dopamine may modulate Ang II actions in the kidney (19, 20) . Treatment of ptAadc -/-mice with the Ang II receptor 1 (AT1) blocker, candesartan, decreased blood pressure to levels seen in wild-type mice, which were unaffected by candesartan treatment ( Figure 8A ). Blood pressure increased more rapidly in ptAadc -/-mice during initial exposure to Ang II (0.9 mg/kg/d), but by day 5, wild-type and ptAadc -/-mice had comparable blood pressure elevations (Supplemental Figure 4) . After 4 weeks of Ang II exposure, systolic blood pressure (SBP) was still comparable between groups (wild type vs. ptAadc -/-mice, 200 ± 5 mmHg vs. 205 ± 4 mmHg, respectively; n = 4), but ptAadc -/-mice had significantly more albuminuria and tubulointerstitial damage ( Figure  8B ). Nitrotyrosine staining, a marker of oxidative stress, and KIM-1 expression, an indicator of tubule injury, also increased ( Figure 8C ). In ptAadc -/-mice, there was increased renal mRNA expression of Ang II receptor, type 1b (AT1B) mRNA and decreased expression of the counterregulatory Ang II receptor, Ang II receptor, type 2 (AT2), and the Ang 1-7 receptor, Mas ( Figure 8D ). No comparable changes in AT1 receptor expression were seen in heart or aorta (Supplemental Figure 5 ). There was also increased expression of immunoreactive angiotensinogen as well as confirmation of the decreased expression of Mas protein, while there were not differences in expression of ACE or ACE2 ( Figure 8E ).
Surviving ptAadc -/-mice, sacrificed at 20 months, had increased blood pressure, increased serum creatinine, and increased renal injury index (Table 1 ). The kidneys of the aged ptAadc -/-mice also had increased macrophage, neutrophil, and lymphocyte infiltration (Table 1 and Figure 9 ). Compared with wild-type littermates, ptAadc -/-mice exhibited markedly shorter life spans. At 20
Figure 2
Renal mRNA levels of sodium transporters were increased in ptAadc -/-mice. Four-week-old wild-type and ptAadc -/-mice were studied (*P < 0.001, **P < 0.01, ***P < 0.02; n = 4 in each group).
Figure 3
l-DOPA-induced diuresis and natriuresis were attenuated in ptAadc -/-mice. Three-month-old male mice were studied. l-DOPA induced significantly less increased urine volume and sodium excretion in ptAadc -/-mice than in wild-type mice (urine volume, *P < 0.001 vs. basal wild type, † P < 0.01 vs. basal ptAadc -/-, ‡ P < 0.001 vs. l-DOPAtreated wild type) (sodium excretion, *P < 0.005 vs. basal wild type, † P < 0.05 vs. l-DOPA-treated wild type) (n = 6 in each group).
months of age, 19 out of 20 wild-type mice were still alive, while only 9 out of 19 ptAadc -/-mice had survived ( Figure 10A ). Expression of Sirt3 and PBEF, survival markers noted to be increased in Ang II receptor, type 1a-null mice (AT1a receptor-null mice), which have increased life spans (21), was markedly decreased in kidneys of ptAadc -/-mice ( Figure 10B ). These survival markers were also decreased in heart and aorta but were unchanged in liver (Supplemental Figure 6 ) or lung (data not shown).
Discussion
By selectively deleting proximal tubule AADC expression, we have demonstrated the importance of the intrarenal dopaminergic system in maintenance of renal function, modulation of the reninangiotensin system, and regulation of blood pressure. Even with central and other peripheral sites of dopamine production intact, selective deletion of the kidney's ability to generate dopamine led to profound phenotypic alterations, characterized by increased expression of salt and water transporters along the nephron, altered salt and water homeostasis, hypertension, and markedly decreased life span. A general characteristic of essential hypertension is a relative defect in renal sodium and water excretion; therefore, as demonstrated by the current studies, a dysfunctional intrarenal dopaminergic system may have profound consequences for regulation of intravascular volume and systemic blood pressure.
The current studies also demonstrate that intrarenal dopamine is a modulator of renal COX-2 expression and prostaglandin
Figure 4
Renal cortical COX-2 and renin expression increased in ptAadc -/-mice. (A) Immunoblotting showed increased renal cortical COX-2 expression in ptAadc -/-mice. Representative photomicrographs indicated increased renal cortical COX-2 and renin expression in ptAadc -/-mice. Original magnification: ×400 (COX-2); ×100 (renin). (B) Quantitative image analysis indicated increased renal (ir) renin expression in ptAadc -/-mice (*P < 0.01; n = 4).
Figure 5
Plasma aldosterone levels and renin activity were suppressed in ptAadc -/-mice. (A) Plasma aldosterone levels were significantly lower in ptAadc -/-than in wild-type mice (*P < 0.001; n = 6). (B) PRA was lower in untreated ptAadc -/-mice than in wild-type mice but increased more in ptAadc -/-mice than in wild-type mice after hydralazine stimulation (*P < 0.01 vs. basal wild type, † P < 0.001 vs. basal ptAadc -/-, ‡ P < 0.001 vs. hydralazine stimulated wild type; n = 6 in each group).
production. In previous studies, we showed that macula densa COX-2 expression decreased in response to dopamine administration (14) , and in the current study, we found that macula densa COX-2 expression was increased in mice deficient in intrarenal dopamine. Furthermore, in wild-type mice, l-DOPA administration increased medullary COX-2 expression and urinary PGE 2 excretion, and this effect was lost in the ptAadc -/-mice. Increases in medullary COX-2 expression in response to salt loading were also markedly blunted in ptAadc -/-mice. COX-2-derived prostaglandins are important integrators of vascular tone and salt and water homeostasis in the renal medulla, and inhibition of medullary COX-2 activity can lead to hypertension (17, (22) (23) (24) (25) . These results therefore confirm those of previous studies that suggested a potential role for dopamine to increase pronatriuretic renal medullary prostaglandin production (26, 27) .
It has been suggested that dopamine and Ang II may serve counterregulatory functions in the kidney (28, 29) . Our previous studies indicated that dopamine inhibits renal renin expression (15) , and the current study proves that endogenously produced intrarenal dopamine modulates this expression, since mice with deficient intrarenal dopamine production had increased renal renin expression. In addition, dopamine inhibits Ang II-mediated proximal tubule reabsorption and AT1 expression (19, (30) (31) (32) . In addition to vasoconstriction and stimulation of salt and water reabsorption mediated by AT1 receptors, angiotensinogen-derived peptides also mediate counterregulatory vasodilatory and natriuretic/diuretic pathways through Ang II activation of AT2 receptors and Ang 1-7 activation of Mas (33) . The current study indicates that deletion of intrarenal dopamine production leads to increased angiotensinogen and AT1 expression but decreased AT2 and Mas expression. Of interest, it has been suggested that dopamine's natriuretic effects may be mediated in part through AT2 signaling (34).
The potential importance of intrarenal dopamine to counteract renal effects of the renin-angiotensin system was further indicated by the reversal of hypertension in ptAadc -/-mice by the AT1 receptor blocker, candesartan, and by the accelerated increase in blood pressure and the greater renal damage seen in ptAadc -/-mice in response to administration of Ang II. The concentration of Ang II administered in these studies (0.9 mg/kg/d) was lower than the usual concentration used in studies designed to induce progressive renal damage (1.4 mg/kg/d) (35) , because, in our preliminary studies, all ptAadc -/-mice administered this higher dose died within 4 weeks, while all wild-type mice survived, further indicating that a deficiency of intrarenal dopamine can lead to augmented responsiveness to Ang II.
A recent study by Benigni et al. found that selective deletion of AT1a increased longevity in mice (21) . In contrast, the current study indicates that selective deletion of the intrarenal dopaminergic system markedly decreases life span. Although there was chronic renal injury in the aged ptAadc -/-mice, the degree of renal injury was not in itself sufficient to produce such a markedly shortened life span. It is well recognized that untreated hypertension is a risk factor for premature death, and inbred strains of mice with spontaneous hypertension have decreased life spans (36) . In this regard, we hypothesize that the decreased expression of prosurvival genes in heart and vasculature is also consistent with increased cardiovascular stress in the ptAadc -/-mice.
Recent studies have demonstrated an essential role for the intrarenal renin-angiotensin system in blood pressure homeostasis and have shown the importance of activation of intrarenal AT1 receptors in development and complications of systemic hypertension (37, 38). The current study demonstrates conclusively that the intrarenal dopaminergic system plays a
Figure 6
Renal medullary COX-2 was inhibited in ptAadc -/-mice. (A) Renal medullary COX-2 levels were lower in ptAadc -/-mice than wild-type mice, with or without l-DOPA stimulation (*P < 0.01 vs. basal wild type, † P < 0.001 vs. l-DOPA treated wild type; n = 4 in each group). (B) Urinary PGE2 levels were significantly lower in ptAadc -/-mice than wild-type mice, with or without l-DOPA stimulation (*P < 0.05 vs. basal wild type, **P < 0.01 vs. basal wild type, † P < 0.05 vs. basal ptAadc -/-, ‡ P < 0.005 vs. l-DOPA-treated wild type; n = 4 in each group). (C) High-salt diet-induced (HS-induced) renal medullary COX-2 elevations were attenuated in ptAadc -/-mice. Also shown is densitometric quantification of COX-2 immunoreactive protein in response to alterations of dietary salt intake represented as fold of expression of wild-type mice on a normalsalt diet (NS). LS, low-salt diet.
similarly important role in preventing the development of systemic hypertension and modulating the renal effects of the renin-angiotensin system. Thus, a dysfunctional intrarenal dopaminergic system has substantial consequences on longterm health and survival. ptAadc -/-mice developed salt-sensitive hypertension. (A) MBP was similar between 3-month-old ptAadc -/-mice and wild-type mice on a low-salt diet. Increasing dietary salt intake had no effect on MBP in wild-type mice but led to progressive increases in MBP in ptAadc -/-mice (*P < 0.01 vs. wild type on a normal-salt diet, † P < 0.05 vs. wild type on a high-salt diet, ‡ P < 0.005 vs. ptAadc -/-on a normal-salt diet; n = 9 in each group). (B) Dynamics of systolic, diastolic, and MBP measured by radiotelemetry from 8 to 12 days after surgery (n = 4). (C) MBPs measured by radiotelemetry from 8 to 12 days after surgery. (D) Male wild-type and ptAadc -/-mice were fed an 8% high-salt diet for 4 weeks, and 24-hour urine was collected for measurement of F2-isoprostanes (*P < 0.05; n = 6).
Methods

Generation of mice with proximal tubule-specific AADC deletion. We used
AADC was comparable in wild-type mice and Aadc flox7/flox7 mice (data not shown). Therefore, Aadc flox7/flox7 alleles do not affect AADC expression in the kidney. Aadc flox7/flox7 mice were crossed with mice in which Cre is under the control of the γ-GT promoter to selectively delete exon 7 of the Aadc gene in the renal proximal tubule (Aadc Δ7/+ mice). Aadc Δ7/+ mice were intercrossed to generate Aadc Δ7/Δ7 mice, in which the Aadc gene in renal proximal tubule has been deleted selectively (ptAadc -/-mice). ptAadc -/-mice were backcrossed for 10 generations onto the 129/SvJ background. Unless otherwise indicated, studies were performed both on mice on a mixed B6/129 background and the pure 129/SvJ background, and similar results were obtained; results from studies of mice on the pure 129/svj background are reported.
Figure 8
The intrarenal renin-angiotensin system was altered in ptAadc -/-mice. (A) Antagonism of AT1 receptors with candesartan reduced SBP in ptAadc -/-mice to levels seen in wild-type mice (*P < 0.01 vs. basal wild type, † P < 0.01 vs. basal ptAadc -/-; n = 6 in each group). (B) Ang II infusion (0.9 mg/kg/d) for 4 weeks led to more significant increases in albuminuria (*P = 0.012) and tubulointerstitial (TI) injury ( † P = 0.03) in ptAadc -/-mice than wild-type mice (n = 5). ACR, albumin creatinine ratio. (C) The expression of nitrotyrosine (a marker of oxidative stress) and KIM-1 (a marker of kidney injury) was much higher in Ang II-treated ptAadc -/-mice than Ang II-treated wild-type mice. Original magnification: ×63. Quantitative image analysis indicated nitrotyrosine levels were significantly higher in Ang II-treated ptAadc -/-mice than Ang II-treated wild-type mice (*P < 0.01; n = 4). (D) There were increased mRNA levels of AT1b (*P < 0.00001) but decreased mRNA levels of AT2 (*P < 0.00001) and Mas ( † P < 0.0001) in ptAadc -/-mice compared with those in wild-type mice (n = 4). (E) Immunoblotting indicated increased angiotensinogen (AGT) but decreased Mas protein levels in ptAadc -/-mice.
Animals. All animal experiments were performed in accordance with
the guidelines and with the approval of the Institutional Animal Care and Use Committee of Vanderbilt University. A subset of animals was placed on either a low-salt diet (0.02%-0.03% NaCl, ICN Biochemicals) or a high-salt diet (8% NaCl, Research Diets). The dopamine precursor l-DOPA was given in the drinking water (0.5 mg/ml), which contained 0.1% l-ascorbic acid to prevent oxidation of l-DOPA (Sigma-Aldrich) (15) . To collect 24-hour urine, the animals were first acclimated individually in metabolic cages, and then 24-hour urine was collected.
For studies of chronic Ang II infusion, only wild-type and ptAadc -/-mice backcrossed to the 129/SvJ background were used. In our preliminary experiment, unilaterally nephrectomized mice were treated with Ang II (BACHEM) at a dose of 1.4 mg/kg/d through subcutaneous osmotic minipumps (model 2004, Alzet) (35) . Surprisingly, all ptAadc -/-mice died within 4 weeks after initiation of Ang II infusion. Therefore, a reduced Ang II dose (0.9 mg/kg/d) was used for the reported studies. Tubule injury in response to 4 weeks of Ang II infusion was scored on H&E-stained sections (×400 magnification) and was identified by the presence of tubular dilatation, intraluminal casts, loss of brush border, and/or tubular cell swelling, blebbing, vacuolization, and detachment. All cortical fields were evaluated, and the injury score was assessed as the percentage of each field that was occupied by injured tubules and was scored as follows: 0, 0%; 1, less than 25%; 2, 25%-50%; 3, more than 50% to 75%; and 4, more than 75%. An average was then calculated for each kidney. The pathologist was blinded to the groups.
Because of the possibility that inbred lines harbor recessive mutations that might predispose to development of disorders that could negatively impact survival, the aging studies were performed in mixed B6/129 mice. It is highly unlikely that the differences seen in survival were due to variations in admixture of the 129 and B6 genomes, since the life span of both strains is similar to that of the wild-type mixed B6/129 mice.
Blood pressure measurement. Blood pressure was measured in awake, chronically catheterized mice. Mice were anesthetized with 80 μg/g ketamine (Fort Dodge Laboratories) and 8 μg/g inactin (BYK) by i.p. administration. Mice were placed on a temperature-controlled pad. PE-10 tubing was inserted into the right carotid artery, tunneled under the skin, exteriorized, secured at the back of the neck, filled with heparinized saline, and sealed. The catheterized mice were housed individually, and blood pressure measurements were made 24 and 48 hours after surgery with a Blood Pressure Analyzer (Micro-Med) (39) . Data are presented as mean blood pressure (MBP). In addition, in a subset of mice, blood pressures were monitored by radiotelemetry. Mice were anesthetized with Nembutal (50 mg/kg, i.p.). Radiotelemetric catheters (PA-C10, Data Sciences International) were inserted into the left common carotid artery with the transmitter implanted subcutaneously. Mice were housed individually. After 5 to 7 days, mice had recovered from surgery, and heart rate and blood pressure were recorded at 4-minute intervals for the duration of the study. The data from the telemetric device were collected using the Dataquest A.R.T system, version 4.0 (Data Sciences International), by way of a RPC-1 receiver placed under the mouse cage. In the subset of mice treated with either Ang II or candesartan and in the aged mice, SBP was measured with a tail-cuff microphonic manometer (40) .
RNA isolation and quantitative real-time PCR. Total RNA was isolated from kidneys using TRIzol reagents (Invitrogen) according to the manufacturer's instructions. Quantitative PCR was performed using a TaqMan Real-Time PCR machine (7900HT, Applied Biosystems). The Master Mix and all gene probes were also purchased from Applied Biosystems. The probes used in the experiments included mouse S18 (Mm02601778); ACE1 (Mm00802048); ACE2 (Mm01159003); Mas (Mm0062713); Ang II receptors AT1a (Mm01166161), AT1b A Expressed as cells per high-power field in a fixed slice (n = 6 in each group). SCR, serum creatinine; KW/BW, kidney weight/body weight ratio; HW/BW, heart weight/body weight ratio.
Figure 9
Immune cell infiltration was higher in old ptAadc -/-mice than old wild-type mice. (A) Representative photomicrographs indicated more macrophage and neutrophil infiltration in 20-month-old ptAadc -/-mice than 20-month-old wild-type mice. Original magnification: ×160. (B) FACS analysis indicated increased leukocyte, T8 lymphocyte, and macrophage infiltration in old ptAadc -/-mice than old wild-type mice (*P < 0.05, **P < 0.01; n = 3). PRA. Blood was taken from conscious mice via femoral vein in the morning, between 9:00 AM to 11:00 AM, and collected into a 75-μl hematocrit tube containing 1 μl 125 mM EDTA in its tip. The plasma was separated and frozen at -80°C until assayed. PRA was determined by radioimmunoassay (Gammacoat, DiaSorin), which measured the generation of Ang I. Plasma samples were incubated for 1 hour with excess exogenous renin substrate (plasma from rats nephrectomized 48 hours before collection) to generate Ang I. Plasma aldosterone levels were determined using RIA Kits (COAT-A-COUNT, Siemens, Siemens Medical Solutions).
Determination of urinary F2-isoprostane and PGE2. Urinary F2-isoprostane and urinary PGE2 were measured by GC/electron capture/negative chemical ionization MS assay as previously described (18) .
Flow cytometry. After perfusion of the mice with PBS, 1 kidney was removed, minced into fragments, and digested in RPMI 1640 containing 2 mg/ml collagenase type D and 100 u/ml DNase I for 1 hour at 37°C, with intermittent agitation. Kidney fragments were passed through a 70-μm mesh (Falcon; BD Biosciences), yielding single cell suspensions. Cells were then centrifuged (800 g, 10 minutes, 8°C), resuspended in FACS buffer, kept on ice, and counted. 10 7 cells were incubated in 2.5 μg/ml Fc blocking solution, centrifuged again (800 g, 10 minutes, 8°C), and resuspended with FACS buffer. 10 6 cells were stained for 20 minutes at room temperature with antibodies, including FITC rat anti-mouse CD45 and PE/Cy7 anti-mouse F4/80 and CD8a (BD Biosciences), and then washed and resuspended in FACS buffer. After immunostaining, cells were analyzed immediately on an FACSCanto II Cytomer with DIVA software (Becton Dickinson), and off-line list mode data analysis was performed using Winlist software from Verity Software House.
Antibodies. Affinity-purified rabbit anti-AADC antibody (AB136) was from Chemicon; rabbit anti-murine COX-2 was from Cayman Chemicals (item no. 160106); rabbit anti-renin antiserum was a gift from T. Inagami (Vanderbilt University); rat anti-mouse F4/80 (MCA497R) and Ly-6B.2 (neutrophil marker, MCA771GA) were from AbD Serotec; monoclonal anti-mouse KIM-1 (a marker of renal tubular injury, MAB1817) was from R&D Systems; rabbit anti-Mas was from Alomone (AAR-013); monoclonal anti-angiotensinogen was from ABBIOTEC (catalog no. 250551). All other antibodies were purchased from Santa Cruz Biotechnology Inc.
Immunohistochemistry and immunoblotting. The mice were anesthetized with Nembutal (50 mg/kg, i.p.) and given heparin (1,000 units/kg, i.p.) to minimize coagulation. One kidney was removed for immunoblotting, qPCR, and flow cytometry, and the other was perfused with FPAS (3.7% formaldehyde, 10 mM sodium m-periodate, 40 mM phosphate buffer, and 1% acetic acid) through the aortic trunk. After fixation, the selected tissues were dehydrated, paraffin embedded, and immunostained as previously described (41, 42) . Immunoblotting was carried out as described previously (43) .
Quantitative image analysis. Macrophage and neutrophil infiltration and nitrotyrosine immunostaining were quantified using the BIO-QUANT image analysis system (R&M Biometrics) (14) . Bright-field images from a Leitz Orthoplan microscope with DVC digital RGB video camera were digitized and saved as computer files. Contrast and color level adjustment (Adobe Photoshop) were performed for the entire image, i.e., no region- or object-specific editing or enhancements were performed.
Statistics. Values are presented as mean ± SEM. ANOVA and Bonferroni t test were used for statistical analysis, and differences were considered significant when P < 0.05.
